Cryo-electron microscopy of vitreous sections (CEMOVIS) and cryoelectron tomography (cryo-ET) of vitrified specimens are gradually gaining popularity. However, similar to the conventional methods, these techniques tend to produce different images of the same sample. In CEMOVIS, the mechanical stress caused by sectioning may cause inaccuracies smaller than those caused by crevasses. Therefore, we examined Escherichia coli cells by using CEMOVIS and cryo-ET to determine the differences in the computed sizes of the envelope layers, which are smaller than crevasses. We found that the width of the periplasmic space in vitreous sections and tomograms was 12 and 14 nm, respectively; furthermore, while the distance between the outer membrane (OM) and the peptidoglycan (PG) layer was almost equal (11 nm) in the two techniques, that between the plasma membrane (PM) and PG was clearly different. Thus, the observed size difference can be mainly attributed to the PM-PG distance. Since our data were obtained from images acquired using the same microscope in the same conditions, the size differences cannot be attributed to microscope-related factors. One possible factor is the angle of the cutting plane against the long axis of the cell body in CEMOVIS. However, the same PG-OM distance in both methods may exclude the variations caused by this factor. Furthermore, the mechanical stress caused by vitreous sectioning or high-pressure freezing may result in shrinkage. If this shrinkage is responsible for the nanometre-scale deformation in CEMO-VIS, this factor will have to be considered in determining the molecular resolution obtained by CEMOVIS.
Introduction
Advances in the methodological developments of cryo-electron microscopy (cryo-EM) of vitrified biological molecules show the possibility of molecular imaging at near-atomic resolution, as long as an object has high symmetry [1] co-workers, should fulfil the great demand to observe various biological specimens as close to the native state as possible [2] . Indeed, even at the expense of the low-contrast image, this technique has considerable advantages, including the avoidance of molecule denaturation by dehydration and chemical linking and the prevention of loss of unlinked molecules due to the dewatering. In spite of these advantages, however, new techniques always need to be rigorously evaluated to clarify the question 'What purpose is this technique appropriate for?' Dubochet's group and other groups have already published various reports related to cryo-electron microscopy of vitreous sections (CEMOVIS) in which certain artefacts, such as knife marks, compression, crevasses and chatter, are mentioned [3] [4] [5] . Since these artefacts occur at a very large scale, they are unlikely to influence microstructures, including molecular structures. In order to gain an estimate of the extent to which the vitreous sectioning process affects microstructures smaller than 0.1 µm in size, we examined Escherichia coli K-12 using both cryo-electron tomography (cryo-ET) and CE-MOVIS and cross-validated their images. Amorphous frozen-hydrated sections of E. coli were originally reported by Dubochet et al. in 1983 [6] and refinements of the technique were reported in 2003 [7] . As these authors focused mainly on the cell envelope in their observation, we also paid particular attention to the envelope architecture composed of three layers -outer membrane (OM), peptidoglycan (PG) layer and plasma membrane (PM) -to evaluate the differences in their size as determined by cryo-ET and CEMOVIS. The same type of analysis was reported by Hoffmann et al. [8] who used E. coli DH5α as a control to study the mycobacterial OM using cryo-ET and CEMOVIS. We attempted systematic comparison of the same specimen (E. coli) by using two methods, CEMOVIS and cryo-EM; the assessments were performed using the same microscope in identical conditions with a little ingenuity in the measurements of the envelope layers.
Materials and methods
Culture conditions E. coli BL21(DE3) was grown in 2× YT medium at 37°C for 16 h.
Vitreous sectioning
Suspension cultures of E. coli BL21 (DE) were concentrated by low-speed centrifugation at 15 000 rpm (21 900×g). The resultant pellet was suspended in an extracellular cryoprotectant (30% dextran, 100-200 kDa) and was centrifuged at the same speed for 20 min, resulting in the recovery of the cells in the supernatant fraction because of the high density of dextran. The supernatant was then drawn into copper capillary tubes specialized for the EMPACT-2 high-pressure freezing machine (Leica Microsystems, Wetzlar, Germany). Cryosections of E. coli in the vitreous phase were prepared using an Ultracut FC6 cryoultramicrotome (Leica Microsystems, Wetzlar, Germany) at a temperature of ∼−160°C. Seventy-nanometre feed cryosections were cut using a 35°diamond knife (Diatome, Hatfield, PA) with a clearance angle of 6°. The cutting speed was 1.2 nm/s. The sections were transferred using a toothbrush to a copper grid covered with a continuous carbon film.
Vitrification
A 5-μl droplet of resuspended E. coli pellet, obtained after centrifugation at 15 000 rpm (21 900×g), was placed on a C-flat grid (Protochips, Raleigh, NC) in the chamber of a Vitrobot (FEI, Hillsboro, OR) [9, 10] at 80% humidity and 4°C. All the processes, blotting and plunge-freezing into liquid ethane were performed by the Vitrobot.
Cryo-electron microscopy
Vitreous sections and vitrified non-sectioned samples were examined using a JEM-3200FSC/BU transmission electron microscope (JEOL, Tokyo, Japan) incorporating a liquid helium stage and an omegatype energy filter operating at 300 kV. A slit width of 20 eV was used to obtain a zero energy loss electron beam. The specimen was tilted about one axis in 1°increments over a total angular range of ±30°. Since there was no automated data acquisition software, each tilt series was performed manually. Each image was captured at 1.6 pA/cm 2 on a fluorescent screen, which is equal to 0.9 e − /Å 2 as an electron dose for a 1-s exposure time. However, this value is underestimated because the beam current on the fluorescent screen was measured after electrons had passed through the omega-type filter. The cryosections were recorded at 5.2 pA/cm 2 , which corresponds to 2.9 e − /Å 2 . The recording device we used was a 4096 × 4096 pixel CCD camera (TVIPS, Gauting, Germany). The pixel size, calibrated using a crystal of catalase, was 0.31 nm at a nominal magnification of ×30 000.
Image processing

Tomography
Initially, the images obtained from a tilt series were aligned using IMOD [11] . The pre-aligned images were then re-aligned and three-dimensional (3-D) images were reconstructed using the simultaneous iterative reconstruction technique [12] by TEMO-GRAPHY (JEOL System, Tokyo, Japan).
Measurement of various distances
Images were sectioned using EOS [13] and averaged density profiles across the cell envelope structures were calculated for each section. The distances between peaks were measured by fitting a Gaussian curve to the profiles. All of these measurement procedures were performed using Matlab (MathWorks, Natick, MA).
Results
Vitreous sectioning of E. coli
Preparation of vitreous ice sections was performed according to the established method described by Dubochet [2, 14] . High-pressure freezing was performed in copper tubes to which the cell suspension was sucked. The cryo-EM images of a frozen-hydrated section of E. coli were quite similar to those reported previously, and the three major layers -OM, PG and PM -were readily discernible ( Fig. 1) . In Fig. 1 , the knife marks running from the upper right to the lower left indicate the cutting direction. The ellipsoidal shape of the bacterial cells, which is due to deformation of the specimen caused by compression during cryosectioning, is consistent with the previous report [7] . The regions facing toward the cutting direction (i.e. the upper right and the lower left area in Fig. 1 ) showed the most severe deformation and thus are not suitable for the further analysis.
Cryo-ET of vitreous ice-embedded intact bacterial cells
Whole-mounted E. coli cells are too thick for cryo-EM to reveal details of the cytoplasm. However, in every case, the peripheral region of the E. coli cell clearly shows the outer and inner membranes (Fig. 2) . Cryo-ET was performed manually at 4 K using a liquid helium stage. A field emission gun operated at 300 kV accelerated voltage produced strong brightness. However, the higher the angle at which the specimen is tilted, the thicker the specimen is along the beam direction, which creates a lower signal-to-noise ratio. We compared the tomogram reconstructed from a tilt series acquired using 2°steps, including the images of the specimen tilted at a high angle until ±60º, with that reconstructed from a tilt series ranging from −30 to +30°acquired using 1°steps. The latter procedure yielded clearer structures in the peripheral region, and we decided to use tomograms reconstructed from the low-tilt series for the following measurements. We particularly made full use of the local alignment technique to obtain better tomograms [15] . First, the coarse alignment was calculated and then the regions of interest were cut out from the coarse-aligned tilt series. These sub-tilt series were then re-aligned. The slices of the 3-D tomograms show the architecture of the cell wall of E. coli clearer than the snapshot (Fig. 2a) . 
Measurement of the envelope architecture
In order to evaluate the structural preservation in E. coli cells achieved by cryosectioning, we made measurements of the distances between the envelope layers in both cryosections and cryo-tomograms. Although values for these measurements have been reported by several researchers, the accurate measurements are difficult due to the noise, unclear layer boundaries and undulating layers. Notably, the thickness of the layers changes dramatically depending on the grey-scale value selected. Moreover, the notorious noise in the cryo-images makes it difficult to identify the exact shape. Therefore, to overcome this problem, we used a little ingenuity. In the case of tomography, one of the slices was extracted from the centre of the tomogram for the measurements of the distances. The 3-D view and the vertical section of the tomogram in Fig. 2b show that the central section is appropriate for measuring the distances between the layers, irrespective of the large missing wedge caused by the small range of tilt angles (−30 to +30°). For cryosections, the images themselves were used for measurements. In either case, the envelope regions were boxed out into thin rectangular-shaped areas along the envelope, as depicted in Fig. 3a and b (green boxes). Mutually adjacent extracted images were then aligned. This segmentation reduces the measurement errors caused by non-linear layers. As a next step, the pixel density along the short axis of each rectangular box was averaged in order to reduce the noise. To increase the precision of the measurement, we attempted to fit three Gaussian curves to the plot, which enabled us to identify the peak positions of the PM, PG and OM (Fig. 3) . Thus, the peak-to-peak distances could be measured, as summarized in Table 1 and Fig. 4 . Another important point to mention is that, in the tomograms, we measured these structures at two different positions in the bacterial cell, namely, in a lateral region and in a pole region. In contrast, the measurement of distances in cryosectioned samples was limited to a single lateral position due to the severe deformation caused by the sectioning. As a consequence, the distance measured in the cryosections corresponds to that of the lateral position of the bacterial body in the tomograms. The parts corresponding to the index numbers listed in Table 1 are indicated in Fig. 2 . The average values for the distances between PG and OM are very similar in the tomograms and cryosections. On the other hand, the distances between PM and PG in the tomograms are clearly larger than those in the cryosections. In fact, the results of a t-test for the PM-PG and PG-OM distances in the tomograms and the cryosections were 5.0 and 0.4, respectively, which statistically supports the finding that the PM-PG distances obtained using the two methods were different, whereas the PG-OM distances were almost equal. Furthermore, even in the same tomogram, this latter distance differs in the lateral and pole positions, the space between PM and PG at the pole position being wider than at the lateral position. Visually, we can discern this difference by a snapshot of the bacterial cell.
Discussion
As evidenced by the recent pioneering research on the cell envelopes of mycobacteria and corynebacteria by using CEMOVIS [16] , the cryosectioning technique can successfully visualize the delicate OM structures, which would have been easily destroyed in conventional plastic sectioning, in members of the Corynebacterineae suborder. To facilitate comprehensive use of this technique, we tried to estimate the differences between whole-embedded cells and cryosectioned cells. To this end, we assumed that the tomograms of the whole-embedded cells reflect a closer-to-native structure than the tomograms of the cryosectioned cells and we tried to estimate the structural deformation caused by the cryosectioning process by measuring the distances between the layers in the cell envelope. Our results showed that the distances between PG and OM in tomograms and vitreous cryosections are similar to each other. On the other hand, the PM-PG distance is consistently smaller in cryosections, indicating that it is more susceptible to the mechanical stress caused by the cryosectioning. The pressure during the cutting process is produced mainly along the cutting direction. However, the perpendicular component to the cutting direction is also produced by a diagonal vector of the cutting pressure. This must push the specimen in the cross-direction. Thus, the cross-direction pressure shrinks the periplasmic space even at the edge region. Our results that shrinkage occurs in the periplasmic space by cryosectioning are in sharp contrast with the results reported by Hoffmann et al. [8] . Their data indicate that the centre-to-centre distance of the PM-OM space in tomograms and vitreous cryosections is 22 and 27.4 nm, respectively, which suggests that an approximate 25% dilation of the periplasmic space occurs as a result of vitreous cryosectioning. On the other hand, we obtained PM-OM distance values of 25.1 and 23 nm in tomograms and vitreous cryosections, respectively, corresponding to an 8% shrinkage. This was not caused by a difference in magnification. We acquired the images of cryosections and the tomography images by using the same microscope at the same magnification and accelerated voltage. One possible explanation for the different results obtained could be the difference in E. coli strain used; Hoffmann et al. used DH5α, whereas we used BL21. Alternatively, waving envelope layers might cause measurement errors. Another possibility is that the plane of the section may not be perpendicular to the membranes in CE-MOVIS. If the plane of the section is oblique to the membrane, the distances in CEMOVIS tend to be larger than those in tomograms. We calibrated the pixel size of a CCD image at ×30 000 by using a catalase crystal before collecting data. However, we could not estimate the defocus values of the images by using the contrast transfer function because the first zeros were not clear. Therefore, the large defocus values may have changed the pixel size. Whatever the actual reason, these contrasting observations suggest the need of further studies using various other specimens, including crystals, to evaluate the effect of vitreous ice sectioning.
Concluding remarks
Vitreous sectioning clearly makes cells or tissues appear more internally crowded than conventional sectioning. Although crevasses and compression, which are artefacts of vitreous sectioning, sometimes make it difficult to interpret the microstructures, vitreous specimen are essential for obtaining high molecular resolution. This is because non-chemically linked and non-deformed proteins are obtained in the vitreous phase, which are smaller in scale than crevasses, the size of which is usually a few dozen nanometres. The envelope layers of bacterial cells can be visualized in both whole-mounted specimens in vitreous ice and in vitreous sections. This is the main reason why we used E. coli to estimate the extent to which vitreous sectioning affects the architecture at the scale of a few dozen nanometres. In order to confirm that the observed shrinkage in vitreous sectioning is universal phenomenon, it is necessary to undertake more detailed assessments using different type of samples such as crystals.
